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pp72syk is essential for development and function of
several hematopoietic cells, and it becomes activated
through tandem SH2 interaction with ITAM motifs in
immune response receptors. Since Syk is also activated
through integrins, which do not contain ITAMs, a
CHO cell model system was used to study Syk activation
by the platelet integrin, αIIb β3. As in platelets, Syk
underwent tyrosine phosphorylation and activation
during CHO cell adhesion to αIIb β3 ligands, including
fibrinogen. This involved Syk autophosphorylation and
the tyrosine kinase activity of Src, and it exhibited two
novel features. Firstly, unlike αIIb β3-mediated activ-
ation of pp125FAK , Syk activation could be triggered
by the binding of soluble fibrinogen and abolished by
truncation of the αIIb or β3 cytoplasmic tail, and it was
resistant to inhibition by cytochalasin D. Secondly, it
did not require phosphorylated ITAMs since it was
unaffected by disruption of an ITAM-interaction motif
in the SH2(C) domain of Syk or by simultaneous
overexpression of the tandem SH2 domains. These
studies demonstrate that Syk is a proximal component
in αIIb β3 signaling and is regulated as a consequence
of intimate functional relationships with the αIIb β3
cytoplasmic tails and with Src or a closely related
kinase. Furthermore, there are fundamental differences
in the activation of Syk by αIIb β3 and immune response
receptors, suggesting a unique role for integrins in Syk
function.
Keywords: CHO cells/integrin/platelet/protein tyrosine
kinase/Src/Syk

Introduction

Integrin αIIbβ3 plays an essential role in hemostasis and
thrombosis by mediating platelet adhesion and aggreg-
ation. These functions are regulated by platelet agonists
and antagonists, which increase or decreaseαIIbβ3 affinity/
avidity for adhesive ligands through a process known as
‘inside–out’ signaling. In turn, ligand occupancy and
clustering ofαIIbβ3 trigger ‘outside–in’ signals that influ-
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ence cytoskeletal events during platelet aggregation and
clot retraction (Clark and Brugge, 1995). Integrin signaling
is also involved in mediating anchorage-dependent growth,
differentiation and survival of nucleated cells. Accordingly,
there have been intense efforts to define the precise
relationships between integrins and cellular signaling path-
ways (Hynes, 1992; Clark and Brugge, 1995; Schwartz
et al., 1995; Juliano, 1996; Sastry and Horwitz, 1996;
Yamada and Geiger, 1997).

Studies in platelets have highlighted a role for protein
tyrosine phosphorylation in integrin-mediated outside–in
signaling (Clark and Brugge, 1995). AfterαIIbβ3 interacts
with soluble or immobilized fibrinogen, there is an immedi-
ate increase in tyrosine phosphorylation of several sub-
strates, one of which is the non-receptor protein tyrosine
kinase, pp72syk (Haimovich et al., 1993; Huanget al.,
1993; Clark et al., 1994). As platelets then begin to
aggregate or spread, activation of the tyrosine kinase
pp125FAK occurs, coincident with the redistribution of a
number of proteins to the Triton X-100-insoluble core
cytoskeleton, includingαIIbβ3, Syk, FAK and pp60src

(Clark and Brugge, 1993; Foxet al., 1993; Haimovich
et al., 1993; Clarket al., 1994). Toward the later stages of
aggregation, tyrosine dephosphorylation occurs coincident
with activation and/or redistribution of protein tyrosine
phosphatases (Frangioneet al., 1993; Ezumiet al., 1995).
Integrin signaling is clinically significant because all of
these platelet responses are deficient in individuals who
bleed due to heritable mutations in the cytoplasmic tail of
the β3 integrin subunit (Chenet al., 1994b; Wanget al.,
1997). Despite this apparent requirement for the integrin
cytoplasmic tail, it is not clear how fibrinogen binding to
αIIbβ3 is coupled to activation of the tyrosine kinases and
phosphatases. It would be particularly useful to understand
how one of the earliest events, Syk tyrosine phosphoryl-
ation, takes place. In this regard, it is worth noting that
Syk also becomes activated in response to ligation ofβ1
integrins in neutrophils andβ2 integrins in monocytic cells
(Lin et al., 1995; Yanet al., 1997).

Syk contains two N-proximal SH2 domains, two inter-
domain spacer regions, a catalytic domain and a C-terminal
tail, and it is restricted to hematopoietic cells (Chanet al.,
1992; Müller et al., 1994). It is homologous to ZAP-70,
whose expression is limited even further to T lymphocytes
and NK cells. Syk becomes activated in particular hemato-
poietic cells in response to ligation of the B cell receptor,
the T cell receptor or several Fc receptors, and it is clearly
implicated in lymphocyte development and activation and
mast cell degranulation (Minoguchiet al., 1994; Cambier,
1995; Chenget al., 1995; Turneret al., 1995; Qian
and Weiss, 1997). In these cases, receptor engagement
stimulates tyrosine phosphorylation of ‘immune receptor
tyrosine activation’ motifs (ITAMs) in the receptor by a
Src family kinase. Syk activation occurs when the tandem
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SH2 domains engage a dually-phosphorylated ITAM, and
activation appears to occur through a chain reaction
mechanism involving tyrosine phosphorylation in the
activation loop of the catalytic domain (Kurosakiet al.,
1995; Rowleyet al., 1995; Shiueet al., 1995a; Kimura
et al., 1996; El-Hillal et al., 1997). It is difficult to
envisage how this mechanism would apply to integrins
since, except for theβ4 subunit, their cytoplasmic tails do
not contain ITAMs. On the other hand, platelets do contain
at least two ITAM-containing proteins, the FcγRIIA recep-
tor (Chackoet al., 1996) and the common FcRγ subunit
(Asselinet al., 1997). Indeed the latter has been implicated
in platelet responses to collagen, although current evidence
suggests this does not occur directly through an integrin
(Keely and Parise, 1996; Asselinet al., 1997; Ichinohe
et al., 1997; Pooleet al., 1997). Nonetheless, it remains
formally possible thatαIIbβ3 relies on an ITAM-containing
protein for activation of Syk.

The purpose of the present studies was to characterize
the mechanism of Syk activation byαIIbβ3. Since platelets
are not amenable to genetic manipulation and possess
integrin-dependent and integrin-independent pathways of
Syk activation (Clarket al., 1994; Keely and Parise, 1996;
Asselin et al., 1997; Yanabuet al., 1997), we sought to
establish a more tractable model system. Chinese hamster
ovary (CHO) cells were selected because they contain Src
family kinases (Caryet al., 1996) but are unlikely to
contain endogenous Syk, and stable transfectants
expressing humanαIIbβ3 undergo a typical outside–in
signaling response—tyrosine phosphorylation of FAK—
upon adhesion toαIIbβ3 ligands (Leonget al., 1995). By
means of transient transfection, we have now been able
to reconstituteαIIbβ3-dependent activation of Syk in these
cells and to define the roles of integrin cytoplasmic tails,
ITAMs and other protein tyrosine kinases, such as Src
and FAK, in this process.

Results

Integrin activation of Syk in a CHO cell model

system

In platelets, Syk becomes activated within seconds of
fibrinogen binding to integrinαIIbβ3. To study how Syk is
regulated byαIIbβ3, human Syk was transiently-transfected
into a CHO cell line (A5) that stably expresses human
αIIbβ3, and the cells were studied 48 h later. Preliminary
studies indicated that there was no immunologically detect-
able Syk in mock-transfected CHO cells, whereas cells
transfected with the EMCV/Syk expression plasmid
expressed Syk in a dose-dependent fashion.

To determine whether Syk could undergo tyrosine
phosphorylation in response to adhesion of A5 cells to an
αIIbβ3 ligand, Syk transfectants were incubated for 60 min
over a BSA matrix to which the cells did not bind or a
fibrinogen matrix to whichù80% of the cells bound. At
lower input levels of Syk (plasmid DNAø1 µg), A5 cells
maintained in suspension over the BSA matrix exhibited
little or no tyrosine phosphorylation of Syk. On the other
hand, fibrinogen-adherent cells exhibited a several-fold
increase in Syk phosphorylation (Figures 1A and B). At
plasmid DNA levels.1 µg, some tyrosine phosphoryl-
ation of Syk was evident even in the suspended cells,
although to a lesser degree than in adherent cells (Figure
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Fig. 1. Effect of CHO cell adhesion viaαIIbβ3 on tyrosine
phosphorylation of Syk. As described in Materials and methods, A5
CHO cells expressingαIIbβ3 were transiently-transfected with Syk or
vector control DNA. Forty-eight hours later, the cells were washed and
maintained in suspension for 60 min at 37°C (BSA) or allowed to
attach to a culture dish coated with fibrinogen (Fib). Cells were lysed
in RIPA buffer and the extent of Syk tyrosine phosphorylation was
analyzed on Western blots of Syk immunoprecipitates. Blots were
reprobed with an anti-Syk antibody to assess the amount of Syk
loaded onto each gel lane. In (A) 1.0 µg of Syk or control plasmid
was transfected per dish. Lane 5 represents a control
immunoprecipitation using normal rabbit serum (NRS) The data in this
and all other figures represent the results of a single experiment that
were confirmed in three or more additional, independent experiments.
In (B) the band densities from the Syk transfectants in A were
quantitated by densitometry. In (C) the effect of different amounts of
Syk expression on Syk tyrosine phosphorylation was examined. The
values given for Syk represent the amount of plasmid DNA transfected
per dish.
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Fig. 2. Effect of CHO cell adhesion to ligands forαIIbβ3 or β1
integrins on tyrosine phosphorylation of Syk. A5 CHO cell
transfectants were maintained in suspension for 60 min (BSA, lane 1)
or allowed to attach toαIIbβ3 ligands (fibrinogen, lane 2; anti-αIIbβ3
monoclonal antibody D57, lane 3) orβ1 ligands (fibronectin, FN, lane
4; anti-β1 monoclonal antibody 7E2, lane 5). Then tyrosine
phosphorylation of Syk was assessed.

1C). Syk phosphorylation was observed within 15 min of
plating cells on fibrinogen, the earliest time point studied.
In subsequent studies, therefore, 0.5µg of Syk plasmid
DNA was used. In contrast to these results, no tyrosine
phosphorylation of transfected ZAP-70 was observed
in suspended or adherent CHO cells, despite levels of
expression similar to that of Syk (not shown). Thus,
adhesion of A5 cells to anαIIbβ3 ligand induces tyrosine
phosphorylation of Syk.

CHO cells express several integrins, includingα5β1, a
receptor for fibronectin (Baueret al., 1992). To determine
whether Syk was coupled to integrins other thanαIIbβ3,
the response of Syk transfectants to adhesion toβ1 integrin
ligands was studied, both in A5 cells and native CHO
cells. The results with A5 cells are shown in Figure 2 but
are representative of results with native CHO cells. Cell
adhesion to either fibronectin or an anti-β1 antibody
stimulated tyrosine phosphorylation of Syk (lanes 4 and
5). This indicates that Syk can be situated downstream
of integrins other thanαIIbβ3, consistent with previous
observations in neutrophils and monocytic cells (Linet al.,
1995; Yanet al., 1997).

Additional studies were carried out to determine if the
tyrosine phosphorylation of Syk in fibrinogen-adherent
A5 cells was triggered soley throughαIIbβ3. First, Syk-
transfected native CHO cells that lackαIIbβ3 did not attach
to fibrinogen. Second, A5 cell adhesion to fibrinogen was
inhibited ù95% by anαIIbβ3-selective function-blocking
antibody (A2A9, 10µg/ml), a cyclic peptide (Integrilin,
10 µM), or a peptidomimetic (Ro 43–5054, 10µM) (not
shown). Third, A5 cells were routinely preincubated for
45 min with cycloheximide before the adhesion studies to
minimize synthesis of potential integrin ligands. Fourth,
results identical to those obtained with fibrinogen-adherent
A5 cells in Figures 1 and 2 were obtained with A5 cells
adherent to mAb D57, a monoclonal antibody specific for
αIIbβ3 (Figure 2, lane 3). Accordingly, fibrinogen and
D57 were used interchangeably as ligands in subsequent
experiments to study the mechanism of Syk regulation
by αIIbβ3.

Differential regulation of Syk and FAK by αIIbβ3

A characteristic feature of outside–in signaling in platelets
and A5 CHO cells is tyrosine phosphorylation of pp125FAK

6416

Fig. 3. Tyrosine phosphorylation of proteins in CHO cells transfected
with Syk. A5 cells were transfected with Syk (1 Syk) or a control
plasmid (– Syk) and 48 h later incubated in suspension (BSA) or
allowed to attach to fibrinogen (Fib) for 60 min. Total cell lysates
(20 µg/lane) were then examined for tyrosine phosphorylation. The top
arrow denotes a broad band at 120–130 kDa that increased in intensity
with cell adhesion (lanes 1 versus 2 and 3 versus 4) The middle arrow
denotes an unidentified ~80 kDa protein that was reproducibly
dephosphorylated during cell adhesion (lanes 1 versus 2 and 3 versus
4) The bottom arrow denotes Syk (lane 4)

Fig. 4. Effect of cytochalasin D on adhesion-dependent tyrosine
phosphorylation of Syk and FAK in CHO cells. Syk-transfected A5
cells were incubated with 10µM cytochalasin D or DMSO vehicle for
45 min at 37°C. The cells were maintained in suspension (BSA) or
allowed to attach to fibrinogen for 60 min and tyrosine
phosphorylation of Syk and FAK was determined.

(Haimovich et al., 1993; Leonget al., 1995). In fact, a
broad tyrosine-phosphorylated band was observed at 120–
130 kDa in lysates from fibrinogen-adherent A5 cells but
not from cells maintained in suspension (Figure 3), and
FAK represented a component of this band (see Figure
4). Therefore Syk and FAK, both prominently involved
in integrin signaling in platelets, also function downstream
of αIIbβ3 in CHO cells. Several additional unidentified
bands became weakly tyrosine-phosphorylated in fibrino-
gen-adherent cells, and one at ~80 kDa became dephos-
phorylated. Aside from the prominent 72 kDa band
representing Syk, the overall pattern and extent of tyrosine
phosphorylation in adherent A5 cells was not consistently
affected by expression of Syk.

Syk and FAK differ in two notable respects in platelets.
First, activation of FAK during thrombin-induced platelet
aggregation is abolished by 10µM cytochalasin D, an
inhibitor of actin polymerization, whereas activation of
Syk is not (Clark et al., 1994). This difference was
maintained in the CHO cell system (Figure 4), suggesting
that FAK activation requires a degree of actin polymeriz-
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Fig. 5. Binding of soluble fibrinogen toαIIbβ3 stimulates tyrosine phosphorylation of Syk but not FAK. Syk-transfected A5 cells were incubated in
suspension for 30 min in the presence of either (i) DMSO vehicle (buffer), (ii) an activating anti-β3 Fab fragment (LIBS6; 150µg/ml) and fibrinogen
(Fib; 250µg/ml) or (iii) LIBS6, fibrinogen and 10µM cytochalasin D (CD). Then tyrosine phosphorylation of Syk and FAK was assessed. Not
shown are controls in which LIBS6 or fibrinogen alone failed to induce Syk phosphorylation, indicating that this response required LIBS6-induced
fibrinogen binding toαIIbβ3. Parallel studies were conducted on adherent cells (Fib) to confirm that FAK was capable of becoming phosphorylated in
these cells.

ation not required for Syk. Second, mere binding of
soluble fibrinogen to platelets is sufficient to trigger
tyrosine phosphorylation of Syk but not FAK (Clarket al.,
1994; Shattilet al., 1994). Again, this difference was
maintained in the CHO cell system. Tyrosine phosphoryl-
ation of Syk but not FAK was observed when fibrinogen
binding was induced directly by an ‘activating’ anti-β3
antibody, and this was not inhibited by cytochalasin D
(Figure 5). These results indicate that Syk phosphorylation
is coupled to integrin ligation rather than to some later
post-ligand binding event, such as actin polymerization
and FAK phosphorylation.

Role of αIIbβ3 cytoplasmic tails in the regulation of

Syk

To evaluate a role for the cytoplasmic tails ofαIIb andβ3
in Syk function, studies were performed using established
CHO cell lines containing specific cytoplasmic tail dele-
tions or mutations. InαIIb∆996β3 cells, 13 of the 20
residues of theαIIb tail have been deleted, while in
αIIbβ3∆724 cells, 39 of the 47 residues of theβ3 tail have
been deleted. These deletions were studied to determine
whether membrane-distal residues in either cytoplasmic
tail were required for Syk phosphorylation. InαIIbβ3-
(Y747F,Y759F) cells, both tyrosines in theβ3 tail have
been replaced with phenylalanine. This variant was studied
becauseβ3 becomes tyrosine-phosphorylated during plate-
let aggregation, producing potential docking sites for
SH2 domains (Lawet al., 1996b). The level of surface
expression ofαIIbβ3 in each variant cell line was compar-
able to that in A5 cells (Figure 6A), and each adhered
normally toαIIbβ3 ligands. However, theαIIbβ3∆724 cells
exhibit a defect in spreading (Leonget al., 1995).

Similarly to A5 cells, no tyrosine phosphorylation of
Syk was observed in any of the mutant cell lines when
they were maintained in suspension for 60 min. However,
unlike A5 cells which exhibited robust Syk tyrosine
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phosphorylation during adhesion to mAb D57, little or no
Syk phosphorylation was observed in adherentαIIb∆996β3
cells or αIIbβ3∆724 cells (Figure 6B, left-hand panel).
These differences could not be explained by variations in
Syk expression (Figure 6B). Therefore, membrane-distal
residues within both theαIIb and β3 cytoplasmic tails are
required for integrin-dependent tyrosine phosphorylation
of Syk. This contrasts with previous studies of FAK
phosphorylation which indicated that theβ3 tail is essential
but theαIIb tail is dispensible (Leonget al., 1995). Tyrosine
phosphorylation of Syk occurred normally in adherent
CHO cells expressingαIIbβ3(Y747F,Y759F), effectively
excluding a role forβ3 tail tyrosine residues in the Syk
activation process.

Role of ITAMs in Syk regulation by αIIbβ3

A productive, high-affinity interaction between ITAMs
and Syk requires ITAM engagement of both Syk SH2
domains (Chenet al., 1996). As mentioned previously,
the cytoplasmic tails ofαIIb andβ3 do not contain ITAMs,
but platelets contain at least two ITAM-containing proteins,
the FcγRIIA receptor (Chackoet al., 1994) and the
common FcRγ subunit (Gibbinset al., 1996). To investig-
ate whether a Syk/ITAM interaction was necessary for
regulation of Syk byαIIbβ3, A5 cells were cotransfected
with Syk and a truncated form of Syk, Syk(1-330), which
contains both SH2 domains and interdomain regions.
Syk(1-330) was shown previously to inhibit ITAM-
dependent Syk activation in RBL cells (Tayloret al.,
1995) and in COS cells stimulated by overexpression of
an FcRγ subunit chimera, CD8/γ (K.Zoller and J.S.Brugge,
unpublished observations). In contrast to those results, co-
expression of Syk(1-330) in A5 cells had no effect on
αIIbβ3-dependent tyrosine phosphorylation of Syk (Figure
7A). This failure was not due to insufficient expression
of Syk(1-330) because it was readily detected in Western
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Fig. 6. Effect of deletions or mutations of theαIIbβ3 cytoplasmic tails on tyrosine phosphorylation of Syk. Syk was transfected into the indicated cell
lines, which were studied 48 h later. In (A) surface expression ofαIIbβ3 on 10 000 live cells was quantitated by flow cytometry using biotinylated
mAb D57 and FITC-streptavidin (closed histograms). Open histograms represent the binding of FITC-streptavidin alone. In (B) each cell line was
maintained in suspension or allowed to adhere to mAb D57 for 60 min. Then tyrosine phosphorylation of Syk was examined. The experiments
shown in the left- and right-hand panels were conducted on separate occasions.

blots of CHO cells and it inhibited CD8/γ-induced tyrosine
phosphorylation of Syk in these cells (Figure 7A).

A5 cells were then transfected with a Syk SH2(C)
mutant, Syk(R195A), which is incapable of interacting
with ITAMs. Despite this, Syk(R195A) became readily
phosphorylated on tyrosine residues in response to A5
cell adhesion to fibrinogen or mAb D57, but it did not
become phosphorylated in response to overexpression of
CD8/γ (Figure 7B). These experiments establish that Syk
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activation byαIIbβ3 does not involve a classical Syk SH2/
ITAM interaction.

Role of Syk autophosphorylation in

αIIbβ3-dependent tyrosine phosphorylation of Syk

Tyrosine phosphorylation of Sykin vivo, whether triggered
through immune response receptors or integrins, correlates
closely with Syk activity measuredin vitro (Clark et al.,
1994; Buet al., 1995; Kurosakiet al., 1995; Shiueet al.,
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Fig. 7. Role of ITAMs in αIIbβ3-mediated tyrosine phosphorylation of Syk. In (A) A5 cells were transfected with the indicated amounts of wild-type
Syk and truncated Syk(1-330) (lanes 1–6). Alternatively, native CHO cells were transfected with Syk, Syk(1-330) and a CD8/γ chimera (lanes 7–9).
Forty-eight hours later, the cells were maintained in suspension (BSA) or allowed to attach to fibrinogen (Fib) for 60 min and tyrosine
phosphorylation of Syk was determined. Also cell lysates (20µg/lane) were probed on Western blots with anti-Syk antiserum to monitor expression
of the relevant recombinant Syk proteins. Note that Syk(1-330) inhibited Syk tyrosine phosphorylation stimulated by CD8/γ (lane 8 versus lane 9)
but not Syk phosphorylation stimulated by A5 cell adhesion to fibrinogen (lane 4 versus lanes 5 and 6) In (B) A5 cells were transfected as indicated
with wild-type Syk (0.5µg), kinase-inactive Syk(R195A) (0.5µg) and CD8/γ (2 µg). Then Syk phosphorylation in response to cell adhesion to mAb
D57 was assessed.

1995b). Similarly, increased tyrosine phosphorylation of
Syk in adherent A5 cells was associated with increased
Syk activity in vitro (not shown). In the case of immune
response receptors, Syk activation appears to require the
concerted action of a Src family kinase and autophos-
phorylation (Takata and Kurosaki, 1995; El-Hillalet al.,
1997). To determine whether Syk activation throughαIIbβ3
involves autophosphorylation, A5 cells were transfected
with wild-type or a kinase-inactive form of Syk(K402R)
and assayed for Syk phosphorylation after adhesion to mAb
D57. Unlike wild-type Syk, kinase-inactive Syk(K402R)
failed to undergo tyrosine phosphorylation in adherent
cells, indicating that activation of Syk throughαIIbβ3
involves autophosphorylation (Figure 8A, compare lanes
2 and 9).

Role of Src in αIIbβ3-dependent tyrosine

phosphorylation of Syk

Adhesion of fibroblasts, epithelial cells and NK cells to
integrin substrates increases the activity of Src family
kinases (Kaplanet al., 1995; Rabinowichet al., 1996;
Schlaepfer and Hunter, 1997). Since CHO cells contain
Src family members (Caryet al., 1996), experiments were
performed in A5 cells to examine their potential role in
Syk activation throughαIIbβ3. A5 cells were cotransfected
with Syk and wild-type Src to determine whether over-
expression of Src enhancesαIIbβ3-induced Syk activation.
These cells exhibited an ~15-fold increase in Src expres-
sion (assuming equivalent reactivity of the detecting
antibody with the hamster and human proteins). The level
of activated Src was also increased, as determined by
Western blotting with an antibody specific for a phos-
phorylated tyrosine (Y416) in the Src activation loop
(Figure 8A, lanes 3–6). Src overexpression and activation
were associated with increased tyrosine phosphorylation
of Syk, both in suspended and adherent cells. Nonetheless,
Syk phosphorylation was still more pronounced in the
adherent cells (Figure 8A, lane 3 versus lane 4). Src
overexpression was also associated with adhesion-
dependent tyrosine phosphorylation of kinase-inactive
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Fig. 8. Role of Src inαIIbβ3-dependent tyrosine phosphorylation of
Syk. In (A) A5 CHO cells were cotransfected with the indicated
plasmid DNAs and 48 h later Syk tyrosine phosphorylation in
response to 60 min of cell adhesion to mAb D57 was studied. In
addition, Src immunoprecipitates were analyzed on Western blots with
an antibody specific for Src phosphotyrosine-416 (anti-Src P-Tyr 416)
and 30µg of protein from each cell lysate was analyzed for Src
expression (anti-Src). There were some differences in the levels of Syk
expression in this particular experiment, but this could not account for
the differences observed in the anti-phosphotyrosine blots. In (B) A5
cells were transfected with Syk and 48 h later duplicate samples were
incubated in suspension (BSA) or allowed to attach to fibrinogen for
15 min (Fib). The cells were then lysed and Src immunoprecipitates
were subjected toin vitro kinase assay (32P) and Src immunoblotting
(anti-Src).
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Syk(K402R), which is incapable of autophosphorylation
(Figure 8A, lane 5 versus lane 6). Thus, Src can contribute
to the process of integrin-mediated Syk activation, at least
when it is overexpressed.

To evaluate the role of endogenous Src, A5 cells were
cotransfected with Syk and an Src double mutant (K295R/
Y527F), which is kinase-inactive and functions as a
dominant-negative inhibitor of wild-type Src. Expression
of Src(K295R/Y527F) abolishedαIIbβ3-dependent tyrosine
phosphorylation of Syk (Figure 8A, lanes 7 and 8).
Under the same conditions,αIIbβ3-dependent tyrosine
phosphorylation of epitope-tagged FAK was not affected
(not shown). This suggests that Src activity is required
for the induction of Syk phosphorylation byαIIbβ3. To
determine whether Src is activated in A5 cells spread on
fibrinogen, Src was immunoprecipitated from cell extracts
and assayed for phosphorylation of the exogenous sub-
strate, enolase (Figure 8B). The Src protein from cells
attached to fibrinogen consistently displayed a 2- to 3-
fold increase in autophosphorylation and phosphorylation
of enolase. Taken together, the results in Figures 7 and 8
indicate that engagement ofαIIbβ3 causes an increase in
the catalytic activity of Src which is required for induction
of tyrosine phosphorylation of Syk.

Discussion

The purpose of this study was to characterize the mechan-
ism of Syk activation by the platelet integrin,αIIbβ3. Since
Syk activation in platelets exhibits integrin-dependent and
integrin-independent components, and platelets are not
amenable to genetic manipulationsex vivo, we used a
CHO cell model system. Several characteristic aspects of
platelet integrin signaling could be reproduced in this
system, and most relevant to this study was theαIIbβ3-
dependent tyrosine phosphorylation of Syk and FAK. This
permitted a detailed analysis of the functional relationships
amongαIIbβ3, Syk and FAK, and insight into how Syk is
regulated by cell adhesion. Several major conclusions
regarding the mechanism of Syk activation throughαIIbβ3
can be drawn: (i) it depends on membrane-distal sequences
in the cytoplasmic tails of bothαIIb and β3; (ii) it does
not depend on an SH2/ITAM interaction, unlike immune
response receptor activation of Syk; (iii) it results from
both Syk autophosphorylation and the action of a Src
family kinase; (iv) it differs in several respects from FAK
activation byαIIbβ3 such that a more proximal relationship
between the integrin and Syk is suggested.

Integrin cytoplasmic tails have been shown to play
important but poorly understood roles in many facets of
integrin signaling (Sastry and Horwitz, 1993; Dedhar and
Hannigan, 1996), and this study shows they are no less
important for activation of Syk. Truncation of either
αIIb at residue 996 orβ3 at residue 724 eliminated the
membrane-distal portions of the tails and abolished Syk
phosphorylation byαIIbβ3 (Figure 6B). In contrast, trunc-
ation of theβ3 tail reduces adhesion-dependent phosphoryl-
ation of FAK, but truncation of theαIIb tail does not
(Leong et al., 1995). Although one must be cautious in
comparing results obtained with transfected human Syk
and endogenous hamster FAK, these results indicate that
integrins employ diverse mechanisms to regulate tyrosine
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kinases and the diversity begins at the level of the integrin
cytoplasmic tails.

Why are the cytoplasmic tails of bothαIIb andβ3 needed
for activation of Syk? One possibility is that both tails
contribute residues that are directly involved in interaction
with Syk or with a bridging molecule. Biophysical data
indicate thatαIIb andβ3 cytoplasmic tail peptides interact
with each otherin vitro (Muir et al., 1994; Haas and Plow,
1996), and similar interactions may take place in cells
(Briesewitz et al., 1996). Another possibility is that
one cytoplasmic tail is needed to promote Syk tyrosine
phosphorylation while the other prevents Syk dephos-
phorylation by a protein tyrosine phosphatase. Consistent
with this, protein tyrosine phosphatases such as PTP-1B
and SHP-1 become activated during platelet aggregation
and redistribute to theαIIbβ3-rich core cytoskeleton
(Frangioneet al., 1993; Ezumiet al., 1995). A third
possibility is that only theβ3 tail is directly involved in
the mechanism of Syk activation but theαIIb tail is needed
to insure the correct subcellular juxtaposition of theβ3
tail with Syk. In fact, membrane-distal residues inαIIb do
regulate the recruitment ofαIIbβ3 to focal adhesions
(Ylanneet al., 1993). It may be possible to resolve some
of these possibilities by overexpressing isolatedαIIb or β3
cytoplasmic tail chimeras, since these appear to be able
to trigger some integrin signaling reactions and inhibit
others (Chenet al., 1994a; LaFlammeet al., 1994;
Lukashevet al., 1994).

The modes of Syk activation through immune response
receptors and integrins are distinctly different. In the
former, ligand-induced receptor clustering stimulates tyro-
sine phosphorylation of receptor ITAMs by one or more
Src family kinases, resulting in Syk engagement through
the tandem SH2 domains (Daeron, 1997; Reth and
Wienands, 1997). Platelets contain at least two ITAM-
containing proteins, FcγRIIA and the FcRγ subunit, that
in theory might be interposed betweenαIIbβ3 and Syk
(Chackoet al., 1996; Gibbinset al., 1996). However, the
present experiments rule out this possibility. First, a Syk
fragment containing the tandem SH2 domains failed to
inhibit αIIbβ3-mediated tyrosine phosphorylation of Syk,
while the same fragment abolished ITAM-dependent Syk
phosphorylation caused by overexpression of CD8/γ
(Figure 7A). Second, an R195A mutation within the Syk
SH2(C) domain had no effect on Syk phosphorylation
through αIIbβ3, despite the fact that it abolished Syk
phosphorylation through CD8/γ (Figure 7B). Finally, inte-
grin activation of Syk was unaffected by simultaneous
substitution of β3 tail tyrosine residues 747 and 759
(Figure 6B), which have been shownin vitro to serve as
docking sites for certain SH2 domains (Lawet al., 1996b).

Activation of Syk through immune response receptors
involves Src family kinases (Kurosakiet al., 1994;
Scharenberget al., 1995); however Syk activation is not
strictly dependent on Src kinases under all conditions
(Kolanus et al., 1993; Chuet al., 1996; Latouret al.,
1997; Williamset al., 1997; Zolleret al., 1997). Src or a
related kinase appears to be required for Syk activation
by αIIbβ3 since a kinase-inactive variant of Src blocked
αIIbβ3-induced Syk phosphorylation (Figure 8A). This
inhibition does not appear to reflect a non-specific inter-
ference in αIIbβ3-mediated events since tyrosine phos-
phorylation of FAK was not inhibited by kinase-inactive
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Src. The involvement of Src in Syk activation is further
supported by the evidence presented here that Src catalytic
activity was elevated following attachment of A5 CHO
cells to fibrinogen and that overexpression of Src caused
an increase inαIIbβ3-induced Syk phosphorylation. The
finding that kinase-inactive Syk was not detectably phos-
phorylated in adherent A5 cells implies that the majority
of Syk tyrosine phoshorylation is mediated by autophos-
phorylation.

We speculate that integrin ligation may activate Src
and/or induce its redistribution within the cell so that it is
in a position to initiate Syk activation. By analogy with
T cell receptor activation of ZAP-70 (Qian and Weiss,
1997) and Fc receptor activation of Syk (El-Hillalet al.,
1997), integrins may trigger a Syk activation loop phos-
phorylation chain reaction that is initiated by Src and
reinforced by Syk autophosphorylation. Previous data are
consistent with the hypothesis that cell adhesion stimulates
an interaction between Syk and Src or other Src family
kinases. For example, they both redistribute to focal
adhesions and to the Triton X-100-insoluble cytoskeletal
fraction of adherent cells, including platelets (Grondin
et al., 1991; Clark and Brugge, 1993; Foxet al., 1993;
Kaplanet al., 1995), and they co-precipitate from detergent
lysates of activated leukocytes and platelets (Aokiet al.,
1995; Ozakiet al., 1995; Coutureet al., 1996; Yanet al.,
1997). Platelets contain several Src family kinases (Huang
et al., 1991; Caryet al., 1996), and further studies will
be necessary to clarify the role of each in the Syk
activation process.

This study illustrates that there are significant differ-
ences in the mechanisms by whichαIIbβ3 regulates Syk
and FAK. The binding of soluble fibrinogen toαIIbβ3 is
sufficient to induce Syk phosphorylation in A5 cells and
platelets. In contrast, additional post-ligand binding events
during cell adhesion are needed for FAK phosphorylation
in these cells (Figure 5) (Huanget al., 1993; Clarket al.,
1994). Furthermore, Syk phosphorylation in adherent
CHO cells and aggregated platelets is not abolished by
cytochalasin D, but FAK phosphorylation is (Figure 4)
(Clark et al., 1994). Similarly, Syk phosphorylation trig-
gered throughβ2 integrins in monocytic cells is resistant
to cytochalasins (Linet al., 1995). These findings are
consistent with previous studies in many cell types showing
that activation of FAK depends on signals from both
integrins and agonist receptors that promote cytoskeletal
assembly and reorganization (Shattilet al., 1994; Guan
and Chen, 1996; Rodrı´guez-Ferna´ndez and Rozengurt,
1996). This additional level of cytoskeletal organization
may provide a scaffold for interactions between FAK and
Src that are necessary for the optimal function of both
proteins (Guan and Chen, 1996; Miyamotoet al., 1996;
Schlaepfer and Hunter, 1997).

The studies in both platelets and CHO cells point to a
more proximal functional relationship betweenαIIbβ3 and
Syk than betweenαIIbβ3 and FAK (Clark et al., 1994).
However, this does not necessarily mean there is a more
proximal physical relationship. Indeed, FAK can bind
directly to synthetic peptides mimickingβ integrin cyto-
plasmic tails (Schalleret al., 1995), and it becomes
associated with clusteredβ1 integrins in cells (Miyamoto
et al., 1995). However, it is not yet known if FAK
and integrins interact directlyin vivo. Syk can be co-
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precipitated withβ2 integrins from neutrophil lysates (Yan
et al., 1997), but it does not bind directly to a tyrosine-
phosphorylated synthetic peptide mimicking theβ3 tail
(Law et al., 1996b) and it does not co-precipitate with
αIIbβ3 from platelets or CHO cells (Lawet al., 1996b;
J.Gao and S.J.Shattil, unpublished observations). Thus,
the precise physical interactions that mediate early events
in outside–in signaling remain to be determined. Nonethe-
less, since Syk apparently is not needed for FAK activation
and vice versa, these two integrin-dependent protein tyro-
sine kinases may lie in parallel pathways downstream of
αIIbβ3 rather than in a common pathway.

A major unresolved issue concerns the identity of
substrates and effectors of Syk in an integrin signaling
pathway. In the case of immune response receptor sig-
naling, Syk is reported to interact with and phosphorylate
or activate several proteins, including phospholipase Cγ
(Lawet al., 1996a), c-Cbl (Otaet al., 1996; Panchamoorthy
et al., 1996), Shc (Jabril-Cuenodet al., 1996), Vav
(Teramotoet al., 1997), PI 3-kinase (Yanagiet al., 1994)
and SHIP (Crowleyet al., 1996). Experiments conducted
in Syk knockout mice and Syk null cells indicate that this
protein is necessary for normal survival, development and/
or signaling of B lymphocytes, certain T lymphocytes and
mast cells (Chenget al., 1995; Turneret al., 1995; Costello
et al., 1996; Qin et al., 1997). Syk activation through
integrins may modulate some of these responses. For
example, tyrosine phosphorylation in RBL-2H3 cells in
response to occupancy of FcεRI is enhanced by adhesion
of the cells to fibronectin (Hamawyet al., 1993). Con-
versely, Syk activation through immune response receptors
may modulate integrin-triggered cytoskeletal responses
during adhesion of platelets and other hematopoietic cells.
Of note in this regard, one downstream effector of Syk,
Vav, possesses guanine nucleotide exchange activity for
Rac (Teramotoet al., 1997). In addition, Syk interacts
with the actin-binding protein, cortactin (Maruyamaet al.,
1997), and is required for ITAM-dependent F-actin
assembly (Coxet al., 1996). Further studies of recombinant
Syk in the CHO cell model system and in Syk null
hematopoietic cells should further our understanding of
the function of this protein in integrin signaling.

Materials and methods

cDNAs, cell lines, antibodies and other reagents
The construction of expression vectors for human Syk and kinase-
inactive Syk has been described (Zolleret al., 1997). EMCV/Syk(1-330)
is a variant of EMCV/Syk in which a stop codon was inserted after
amino acid 330. The EMCV/Syk(R195A) mutant encodes an arginine-
to-alanine mutation in the C-terminal SH2 domain of human Syk.
Both mutants were made by site-directed mutagenesis (Kunkel, 1985).
pRC-CMV/Src encodes wild-type murine c-Src. In pRC-CMV/
Src(K295R/Y527F), the K295R mutation in the ATP-binding site renders
the kinase inactive, and the Y527F mutation abolishes intramolecular
interactions between the C-terminal tail and the SH2 domain. pSAP/
CD8-γ encodes a chimera containing the extracellular and transmembrane
domains of CD8 fused to the cytoplasmic domain of theγ subunit of
FcεRI. EMCV/ZAP encodes wild-type human ZAP-70. pcDNA3 was
from Invitrogen, Carlsbad, CA.

CHO cell lines that stably-express human wild-type or mutantαIIbβ3
have been described (Leonget al., 1995; Hugheset al., 1996). These
include the A5 cell line (wild-typeαIIbβ3) and three mutant cell lines
[αIIb∆996β3, αIIbβ3∆724 and αIIbβ3(Y747F,Y759F)]. Rabbit anti-Syk
antiserum #0134 was raised against a synthetic peptide corresponding
to a linear sequence in the interdomain B region of human Syk (residues
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324–339; EPELAPWAADKGPQRE). Antiserum BC3, specific for
pp125FAK, was a gift from J.Thomas Parsons, University of Virginia
(Schalleret al., 1992). Antiserum specific for Src phosphotyrosine-416
was a gift from Andrew Laudano, University of New Hampshire.
Antiserum specific for ZAP-70 was from Upstate Biotechnology, Lake
Placid, NY. The murine monoclonal antibodies (mAb), mAb D57
(specific forαIIbβ3), anti-LIBS6 Fab (β3 integrin subunit) and mAb 327
(Src) were characterized previously (Frelingeret al., 1991; Clark and
Brugge, 1993; Leonget al., 1995). Monoclonal antibody 7E2 (β1 integrin
subunit) was a gift from Rudolph Juliano, University of North Carolina
(Brown and Juliano, 1988). Monoclonal anti-phosphotyrosine antibodies
4G10 and PY20 were from Upstate Biotechnology and Transduction
Laboratories (Lexington, KY), respectively. Monoclonal anti-Syk anti-
body 4D10 was from Santa Cruz Biotechnology, Inc., Santa Cruz,
CA. Horse radish peroxidase-conjugated anti-mouse and anti-rabbit
immunoglobulin reagents were from Biosource International (Camarillo,
CA) and Bio-Rad Laboratories (Hercules, CA), respectively.

Human fibrinogen was from Enzyme Research Laboratories, Inc.,
South Bend, IN. Human fibronectin was purified as described by Engvall
(Engvall and Ruoslahti, 1977). Bovine serum albumin (BSA, fraction
V) and sodium orthovanadate were from Fisher, Inc., Pittsburgh, PA.
Protein A-Sepharose CL 4B and GammaBind Plus Sepharose were from
Pharmacia Biotech, Piscataway, NJ. Pefabloc and aprotinin were from
Boehringer Mannheim, Indianapolis, IN. Lipofectamine was from
Gibco/BRL, Gaithersburg, MD. A bicinchoninic acid reagent for protein
assay and SuperSignal reagent for Western blotting were from Pierce
Chemical Co., Rockford, IL. Integrilin, a function-blocking cyclic peptide
specific for αIIbβ3, was a gift from David Phillips, Cor Therapeutics,
Inc. (Scarboroughet al., 1993). Ro 43–5054, a function-blocking
peptidomimetic specific forαIIbβ3, was a gift from Beat Steiner, Basle,
Switzerland (Alig et al., 1992). All other reagents were from Sigma
Inc., St. Louis, MO.

Transient expression of Syk and other proteins in CHO cells
CHO cells were grown to a 50–80% cell density in 100 mm culture
dishes and transfected with the indicated amounts of plasmid DNA using
Lipofectamine according to the manufacturer’s protocol. When necessary,
pcDNA3 was added to maintain total plasmid DNA at 4µg. Six hours
after transfection, the cells were washed and the medium replaced with
10 ml complete DME and 10% fetal calf serum. Thirty hours after
transfection, the cells were washed again and the concentration of fetal
calf serum was lowered to 0.5%.

Interaction of CHO cells with soluble and immobilized αIIbβ3

ligands
Forty-eight hours after transfection, CHO cells were trypsinized, washed
twice with DME, resuspended to 33106 cells/ml in DME and incubated
for 45 min at 37°C with 20µM cycloheximide. To test the effects of
binding of soluble fibrinogen toαIIbβ3, suspended cells were incubated
at 37°C in the presence of 250µg/ml fibrinogen and 150µg/ml anti-
LIBS6, which binds to theβ3 subunit and increases the affinity ofαIIbβ3
for fibrinogen (Frelingeret al., 1991). Ro 43–5054 (18µM) was added
as a control to some tubes to specifically block fibrinogen binding (Alig
et al., 1992). After 15 min, the cells were washed with phosphate-
buffered saline (PBS) and lysed in complete RIPA buffer (1% Triton
X-100, 1% sodium deoxycholate, 0.1% SDS, 158 mM NaCl, 10 mM
Tris, pH 7.4, 1 mM Na2EGTA, 1 mM sodium vanadate, 0.5 mM
leupeptin, 0.25 mg/ml Pefabloc, 5µg/ml aprotinin).

For studies of adherent cells, bacterial tissue culture plates were
precoated with one of the following: 5 mg/ml BSA, 100µg/ml fibrinogen,
10 µg/ml fibronectin, 10µg/ml mAb D57 or 10µg/ml mAb 7E2 (Leong
et al., 1995). After blocking for 2 h at room temperature with heat-
denatured BSA, 1 ml of transfected cells at 33106/ml was added to
each plate and incubations were carried out at 37°C in a CO2 incubator.
After 60 min, non-adherent cells from BSA-coated plates were diluted
1:1 with PBS, sedimented at 100g for 5 min and washed once with
PBS before lysis in complete RIPA buffer. The adherent cells from
plates coated with integrin ligands were rinsed twice with PBS, lysed
on the plates with ice-cold complete RIPA buffer and scraped into
microcentrifuge tubes. Lysates were incubated for 30 min on ice and
clarified supernatants were processed for immunoprecipitation, Western
blotting andin vitro kinase assays.

Immunoprecipitation, Western blotting and in vitro kinase
assays
Equal amounts of protein from each lysate (typically 150–350µg of
protein, depending on the experiment) were immunoprecipitated with
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either 5µl anti-Syk, anti-FAK or anti-ZAP-70 antiserum or 0.4µg of
the anti-Src mAb 327 as described in more detail previously (Huang
et al., 1993; Leonget al., 1995). Precipitations were carried out in the
presence of 15µl BSA-blocked Protein A-Sepharose CL 4B beads for
60 min at 4°C. After washing the beads three times in ice-cold complete
RIPA buffer, proteins were eluted in boiling Laemmli sample buffer
containing 1 mM vanadate and 1% 2-mercaptoethanol. Proteins were
separated on a 7.5% SDS–polyacrylamide gel and transferred to nitro-
cellulose (PROTRAN, Schleicher and Schuell, Keene, NH). Membranes
were blocked with 6% non-fat dry milk, probed with the indicated
primary and HRP-conjugated secondary antibodies, and immunoreactive
bands were detected by enhanced chemiluminescence with development
times of 0.1–1 min. To monitor loading of gel lanes, blots were stripped
(2% SDS, 62.5 mM Tris, pH 6.7, 100 mM 2-mercaptoethonal for 30
min at 70°C) and reprobed with the appropriate antibodies. In some
experiments, luminograms were scanned and labeled bands were quantit-
ated by calibrated densitometry using a flatbed scanner, Macintosh 7300
computer and NIH Image software.

In vitro kinase activity in Syk immunoprecipitates was determined as
described (Clarket al., 1994). To measure kinase activity in Src
immunoprecipitates, Syk-transfected A5 cells were incubated in BSA-
or fibrinogen-coated plates for 15 min. Suspended and adherent cells
were then lysed in buffer containing 1% Triton X-100, 150 mM
NaCl, 10 mM Tris–HCl, pH 7.5, 2.5 mM sodium vanadate, 1 mM
phenymethylsulfonyl fluoride, 0.5 mM leupeptin and 10µg/ml aprotinin.
Equal amounts of protein from each sample were then immunoprecipit-
ated with anti-Src monoclonal antibody 327 and subjected toin vitro
kinase assay and anti-Src immunoblotting as described (Clark and
Brugge, 1996).

Flow cytometry
Cell surface expression ofαIIbβ3 was quantitated by flow cytometry
using biotinylated mAb D57 and FITC-streptavidin (Leonget al., 1995).
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